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Abstract The study of ultra-high energy cosmic rays (UHECR) at Earth cannot pre-9
scind from the study of their propagation in the Universe. In this paper, we present10
HERMES, the ad hoc Monte Carlo code we have developed for the realistic sim-11
ulation of UHECR propagation. We discuss the modeling adopted to simulate the12
cosmology, the magnetic fields, the interactions with relic photons and the produc-13
tion of secondary particles. In order to show the potential applications of HERMES14
for astroparticle studies, we provide an estimation of the surviving probability of UHE15
protons, the GZK horizons of nuclei and the all-particle spectrum observed at Earth16
in different astrophysical scenarios. Finally, we show the expected arrival direction17
distribution of UHECR produced from nearby candidate sources. A stable version of18
HERMES will be released in the next future for public use together with libraries of19
already propagated nuclei to allow the community to perform mass composition and20
energy spectrum analysis with our simulator.21
PACS. 98.70.Sa Cosmic rays – 13.85.Tp Cosmic-ray interactions – 07.05.Tp Com-22
puter modeling and simulation23
1 Introduction24
A final answer about the origin and the composition of ultra-high energy cosmic rays (UEHCR) is25
still missing. Several models have been proposed for the acceleration of UHECR [1–8] (see [9, 10] and26
Ref. therein for a review) and it is generally accepted that the candidate sources are extragalactic27
and trace the distribution of luminous matter on large scales [11]. The recent result reported by28
the Pierre Auger Collaboration, from observations in the southern hemisphere, experimentally29
supports compact sources with a number density in the range 10−5-10−3 Mpc−3 [12, 13], showing30
a correlation between the observed data with energy above 57 EeV and the distribution of nearby31
mass distribution [14]. Observations in the northern hemisphere by the HiRes Collaboration, but32
with smaller statistics and a different energy scale, do not confirm this result [15], while more33
recent measurements by the Telescope Array Collaboration, based on 25 observed events with34
energy larger than 57 EeV, suggest a correlation with nearby Active Galactic Nuclei with chance35
probability of 2% [16].36
Even the observed suppression of UHECR, due to their propagation in the Universe, is still37
debated: in fact, UHECR of extragalactic origin with energy above 100EeV (1EeV = 1018 eV)38
could be subjected to a strong attenuation because of their interaction with relic photons of the ex-39
tragalactic background radiation. Recently, the Pierre Auger Collaboration reported a suppression40
∗This paper is based on the author’s PhD thesis, that was awarded the INFN Bruno Rossi Prize in
2012.
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of the spectrum above 40EeV with significance greater than 20 standard deviations [17, 18], im- 41
proving previous measurements [19, 20]. Such results are compatible with the existence of the GZK 42
effect [21, 22], although not providing a definitive evidence. In fact, alternative suitable scenarios, 43
compatible with the same observations, involve a spectrum cutoff directly at the source. 44
It is evident that both modeling and realistic simulations of production and propagation mech- 45
anisms are required to shed light on the nature of UHECR [23–29], trying to avoid the limitations 46
[30] given by the continuous energy loss approximation adopted by some authors to simplify cal- 47
culations. 48
In this study, we present the general structure of our propagation code (HERMES) [31]. We 49
show the simulated diffusion of charged particles in both turbulent and structured magnetic fields 50
for energy values ranging from 1017 eV to 1021 eV and we provide an estimation of mean free paths 51
and energy-loss lengths of UHE nuclei. The expected GZK horizon is reported together with a 52
comparison with existing results and an estimation of the expected spectrum at Earth is compared 53
against recent observations. 54
2 Simulating the propagation of UHECR with HERMES: background 55
radiation and magnetic fields 56
In this section, we describe the HERMES propagation code, presenting the modeling adopted for i) 57
the cosmological framework, ii) the cosmic background radiation (microwave, infrared/optical and 58
radio), iii) the regular component of the Galactic magnetic field and the irregular component of both 59
the Galactic and the extragalactic magnetic fields, iv) the cross sections describing the interactions 60
between UHE nuclei and photons of extragalactic background radiation, v) the production of 61
secondary particles because of such interactions. In the following, we will briefly describe such a 62
framework, to provide the reader with the necessary tools to understand the parameterizations and 63
the energy-loss equation adopted in our Monte Carlo code. 64
2.1 Cosmological framework 65
Motivated by up-to-date observations, we have chosen a general Friedmann’s Universe, defined 66
by a Friedmann-Robertson-Walker metric, to be the cosmological framework in HERMES. Let 67
us consider the Einstein equation in the classical General Relativity framework to describe the 68
gravitational field. Under the assumptions of an isotropic and homogeneous Universe, we also 69
consider the Friedmann-Robertson-Walker (FRW) metric 70
ds2 = c2dt2 − a2(t)
[
dr2
1− κr2 + r
2
(
dθ2 + sin2 θdφ2
)]
, (1)
where a(t) is the scale factor, such that a(0) = 1 is its present value, while the parameter κ accounts 71
for the spatial curvature: κ = −1 denotes an open metric, κ = 0 a flat metric and κ = 1 a closed 72
metric. Indeed, we consider the Universe as a perfect fluid with energy density % and pressure p, 73
described by the stress-energy tensor Tµν =
(
%+ pc2
)
uµuν + pgµν , where uµ denotes the 4-velocity. 74
Friedmann equations can be derived from such assumptions. 75
HERMES is able to propagate particles in a ΛCDM Universe, with several tunable parameters 76
expressed in terms of the critical density %c = 3H2/8piG. More specifically, we consider Ωb due to 77
baryonic matter, Ωc due to cold dark matter, ΩΛ due to dark energy, Ωr due to radiation and Ωκ 78
for the spatial curvature. If we define the redshift z by 1+z = a−1(t), the first Friedmann equation 79
can be written in terms of z and of density parameters as 80
H2(z)
H20
= Ωr(1 + z)
4 +ΩM (1 + z)
3 +Ωk(1 + z)
2 +ΩΛ, (2)
where ΩM = Ωb + Ωc is the total density of matter and H0 is the Hubble parameter at the 81
present time. By taking into account that the radiation density contributes only in the early 82
Universe, i.e. at high redshifts, whereas in practice it is negligible in the late Universe, the constraint 83
ΩM +Ωκ +ΩΛ = 1 for the density parameters can be obtained from very general considerations. 84
We will describe further in text the role of Eq. (2) in the numerical simulation of the propagation 85
of UHECR. 86
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It is worth noticing that a particle with energy E(z) at redshift z, propagating through the87
Universe and not subjected to energy loss processes, will adiabatically lose its energy because of88
the expansion of the Universe (of course, by assuming a cosmological model where the Universe is89
expanding), and it will be observed with energy E0 = E/(1 + z) at the Earth.90
The values of all relevant parameters discussed so far, as the Hubble constant, the density of91
matter and energy, can be freely varied in our simulator to reproduce very different cosmological92
models, and a study of the impact of cosmology on the GZK horizon of UHECR protons has been93
recently published [32].94
2.2 Spectrum of UHECR and Evolution of sources95
Let Q(E) indicate the injection spectrum of UHECR at the source, representing the number of96
particles injected per unit energy and time, and let us indicate the source luminosity by97
L =
∫ Emax
Emin
Q(E)EdE, (3)
quantifying the energy emitted from the source in terms of UHECR per unit time. Here, we are98
assuming that UHECR at the source can be produced from a minimum energy Emin to a maximum99
energy Emax. There are some arguments predicting a power-law injection spectrum of both Galactic100
and extragalactic CRs [33–35]. Under such an assumption, we can rewrite the injection spectrum101
as a function of the source luminosity by Q(E) = LNE−γ , being γ the injection index and N a102
normalization factor. The source luminosity may increase with redshift, as well as the comoving103
density of sources: in general such a cosmological source evolution depends on several factors,104
related to the class of astrophysical sources under consideration. If the source evolution is present,105
the luminosity should include an additional factor H(z) = (1 + z)m, giving L(z) = H(z)L. It106
is worth remarking that the source evolution factor can play a significant role for the study of107
the energy spectrum of UHECR at Earth. Thus, in general, the injection spectrum simulated in108
HERMES is given by Q(z, E) = H(z)Q(0, E). The following evolution factors are available in our109
simulator:110
1. Star formation rate (SFR) [36]:111
HSFR(z) =
 (1 + z)
3.4 z < 1,
23.7(1 + z)−0.3 1 < z < 4,
23.7 × 53.2(1 + z)−3.5 z > 4;
(4)
2. Gamma-ray burst (GRB) [37]: HGRB(z) = (1 + z)1.4HSFR(z);112
3. Active galactic nuclei (AGN) [38, 39]:113
HAGN(z) =
 (1 + z)
5 z < 1.7,
2.75 1.7 < z < 2.7,
2.75 × 100.43(2.7−z) z > 2.7;
(5)
4. Quasi-stellar object (QSO) [40]:114
HQSO(z) =
 (1 + z)
3 z < 1.9,
(1 + 1.9)3 1.9 < z < 2.7,
(1 + 1.9)3e1−z/2.7 z > 2.7.
(6)
In the case of a uniform evolution Hunif(z) = (1 + z)3, whereas in the case of no evolution115
H(z) = 1 can be assumed.116
2.3 Modeling the extragalactic background radiation117
The propagation of UHECRs is affected by their interactions with photons of the extragalactic118
background radiation (EBR). While the relevant energy losses will be discussed successively in the119
text, we briefly describe here the models of background radiations simulated in HERMES.120
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Figure 1: Top panel: different parameterizations of extragalactic background radiation as a function of relic
photon energy: CMB, (Far, Low and High) IRB and COB. The red line indicates the EBL parameterization
included in HERMES. The other parameterizations, shown for reference, are taken from PSB76 [23], FIRAS
[52], ER98 [49], Mkn501-98 [50], U06 [51]. Lower panel: evolution of EBR for different values of redshift.
Photon energy is considered in the laboratory frame.
In fact, EBR modeling is rather difficult, if the well known cosmic microwave background is 121
excluded. Such a radiation should be produced by the assembly of matter into stars and galaxies, 122
as well as by the evolution of such systems which releases radiant energy powered by gravitational 123
and nuclear processes. Absorption of large frequency radiation by dust and re-emission at small 124
frequency considerably increase the infrared component of the background light, whose investiga- 125
tion should shed light on structure formations processes. In the following, we indicate with  the 126
relic photon energy in eV, n() the photon spectral number density in units of photons cm−3 eV−1 127
and 2n() the energy density in units of eV cm−3. 128
EBR spans over almost 20 decades, according to observations and models, from radio waves 129
around 10−7 eV up to the high energy γ−ray photons of several GeV, with cosmic microwave back- 130
ground (CMB), the relic blackbody radiation from the Big Bang, being the dominant form of elec- 131
tromagnetic energy followed by ultraviolet/optical (CUVOB) and infrared backgrounds (CIRB). 132
For the propagation of UHECR nuclei, in HERMES we adopt the blackbody model with tem- 133
perature T0 ' 2.725 K for CMB. The semi-analytical “model D” proposed by Finke et al [41], 134
modeling the star formation rate recently introduced by Hopkins and Beacom [36] is adopted for 135
CIOB (for a more detailed treatment of infrared and optical background radiations we refer to [41– 136
47] and Refs. therein). The model proposed in [48] is adopted for the universal radio background 137
(URB). 138
Some models of extragalactic background radiations are shown in the top panel of Fig. 1, as 139
a function of the photon energy  in the laboratory frame. The red solid line indicates the EBL 140
parameterization included in HERMES, and it should be considered the default, where not specified 141
otherwise. For sake of completeness, we also show the common parameterizations by Puget, Stecker 142
and Bredekamp (PSB76) for COB, lower and higher IRB (LIR and HIR, respectively) [23], and 143
other IRB models, derived from theoretical arguments or experimental observations [49–52]. The 144
bottom panel of the same figure shows the evolution with redshift for different values of z, ranging 145
from 0 to 2. 146
By assuming that the cosmological model of gravitation is described by general relativity and 147
electromagnetism by Maxwell theory, a theoretical consequence of the adiabatic expansion of the 148
Universe is that photons should propagate along null geodesics and that the CMB temperature 149
should evolve with redshift as T (z) = T0(1 + z)1−β , with β = 0. From the same arguments, it 150
can be shown that the energy of CMB photons evolve as E(z) = E0(1 + z), whereas their number 151
density evolve as n(, z) = n(, z = 0)(1 + z)3. 152
The evolution of the density of CIRB photons is still debated and depends on the adopted sce- 153
nario for the luminosity evolution. Two models, included in HERMES, have been recently suggested 154
by Stecker et al [45]: 155
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1. Base-line model:156
E(z) =
 (1 + z)
3.1 z ≤ 1.3
(1 + 1.3)3.1 1.3 < z ≤ 6
0 z > 6
(7)
2. Fast model:157
E(z) =
 (1 + z)
4 z ≤ 1
(1 + 1)4 1.3 < z ≤ 6
0 z > 6
(8)
In the current cosmological epoch and at the IRB maximum epoch, which is around z = 2, the158
fast evolution model provides an higher density than base-line model. In any case, it is worth159
remarking that the cosmological evolution of the infrared background density is much slower than160
that of CMB.161
Finally, the evolution of the density of CRB photons included in HERMES is the one proposed162
by Protheroe and Biermann, who modified the luminosity evolution to fit the source counts [48]:163
E(z) =
{
(1 + z)4 z < 0.8
(1 + 0.8)4 z ≥ 0.8 (9)
where the value z0 = 0.8 has been obtained from the best fit for both normal galaxies and radio164
galaxies.165
We will see further in this chapter that the radio background is negligible when the propagation166
of high energy nuclei is considered: conversely, it plays an important role during the propagation167
of high energy photons.168
2.4 Modeling magnetic fields169
The presence of magnetic fields, both in the intergalactic space and in our galaxy, has a non-170
negligible impact on the propagation of charged nuclei. It is thus of fundamental importance to171
investigate the structure of galactic and extragalactic magnetic field (GMF and EMF, respectively),172
that have a direct impact on the energy spectrum, the strength of the anisotropy signal and the173
correlation with candidate sources. In order to simulate the diffusion of particles with charge q = Ze174
in magnetic fields, we adopt in HERMES a standard approach, based on the numerical integration175
of the equation of motions obtained in the ultra-relativistic approximation, in the case of nuclei.176
If the electric field is absent (or negligible) and we assume the case of a particle in ultra-177
relativistic regime, i.e. the particle travels at the speed of light in the direction vˆ(t) at time t178
subjected to a magnetic field B(r) along the trajectory r(t), the Lorentz equation reduces to the179
set of six ordinary differential equations defined by180
dr(t)
dt
= cvˆ(t)
dvˆ(t)
dt
=
qc2
E
vˆ(t) ∧B(r). (10)
In practice, charged particles accelerating in a magnetic field lose energy because of the emission181
of synchrotron radiation: in the case of light particles as electrons or positrons, such energy loss182
should be taken into account during the propagation, whereas for heavier particles as protons it is183
negligible.184
While the trajectory of a charged particle along the regular field is deterministic, i.e. for a185
given initial condition only one solution to the equations of motion exists, the trajectory of a186
particle through the turbulent field is stochastic, thus not unique, and it depends on the features of187
the irregular field as its r.m.s. strength and its coherence length. Unfortunately, we have no exact188
knowledge of both galactic and extragalactic magnetic fields and, as a consequence, the investigation189
of charged particles propagation through our galaxy and intergalactic space, respectively, should190
be based either on empirical or theoretical models and numerical simulations. For the simulation191
of the irregular component of the magnetic field, we adopt in HERMES the approach proposed by192
Giacalone and Jokipii [53, 54], based on a local step-by-step simulation of the turbulent field.193
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2.4.1 Simulating a turbulent magnetic field 194
The randomness of the irregular component of the magnetic field is probably due to the evolution of 195
stochastic fluctuations which are correlated up to a given correlation scale. In fact, such an irregular 196
component should show the features typical of correlated flows undergoing turbulent evolution, 197
characterized by a minimum and a maximum scale of turbulence, `min and `max, respectively. The 198
particles scatter off the magnetic irregularities and change their pitch angle θ, but not their velocity. 199
The pitch angle scattering is principally dominated by the inhomogeneities with scales of the order 200
of the Larmor radius, i.e. by resonance, providing an effective mechanism of isotropization as long 201
as rL < `max. 202
Our simulation of such an irregular behavior is based on the following approach. The turbulent 203
magnetic field B(r) satisfies two main requirements: i) it is a zero-mean field 〈B(r)〉 = 0 with 204
ii) non-vanishing fluctuations 〈B2(r)〉 = Brms > 0. Let k be the wave vectors with modulus k, 205
power spectrum P(k) ∝ k−5/3 and amplitudes B(k) of its Fourier modes following the Kolmogorov 206
spectrum |B(k)|2 ∝ k−11/3: such a field defines a turbulent Kolmogorov 3D magnetic field1. In the 207
Fourier space the wave vectors satisfy 2pi`max ≤ k ≤ 2pi`min , where the correlation length of the field is 208
equal to [55] 209
Λc =
1
2
`max
γ − 1
γ
1− (`min/`max)γ
1− (`min/`max)γ−1 , (11)
where γ is the spectral index of the Kolmogorov spectrum. The approach, proposed by Giacalone 210
and Jokipii [53, 54] considers the field as the sum of Nm modes, physically corresponding to the 211
superposition of a finite number of plane waves: 212
B(r) =
Nm∑
n=1
Anεˆne
ikn·r+iβn , (12)
where εˆn = cosαnxˆn + i sinαnyˆn and the amplitude An of the n−th plane wave is given by 213
A2n = AB2irrG(k), (13)
with 214
G(k) =
∆Vn
1 + (kΛc)γ
, ∆Vn = 4pik
2∆k, A =
(
Nm∑
n=1
G(kn)
)−1
. (14)
In this last equation, the index γ is equal to 11/3, 8/3 and 5/3 for 3D, 2D and 1D turbulent 215
magnetic fields, respectively. The direction of the n−th wave vector kˆn is randomly chosen: the 216
unit vectors xˆn and yˆn are chosen in order to form an orthogonal basis with kˆn and the real numbers 217
αn and βn represent random polarizations and phases, respectively. For practical applications, the 218
spacing ∆k between kmin = 2pi`max and kmax =
2pi
`min
should be constant in logarithmic scale and 219
the number of modes Nm should be large enough to obtain the expected results in the small-angle 220
regime. The main advantage of such an approach is the definition of the turbulent field at any point 221
in space with arbitrary precision at the price of a much slower computation than other methods. 222
Where not otherwise specified, in the following we will make use of the isotropic model, although 223
the simulation of the composite model is also allowed by our code. Moreover, we will consider a 224
total magnetic field B = Btot = Breg +Birr and, following Ref. [56], we define the turbulence level 225
by 226
η =
〈B2〉
B2reg + 〈B2〉
. (15)
The above arguments can be used to simulate the turbulent component of both the extragalactic 227
and the Galactic magnetic fields. For instance, the deflection δirr due to the irregular component of 228
the Galactic magnetic field can be estimated by assuming that the particle undergoes a brownian 229
1The spectral index is 8/3 and 5/3 for 2D and 1D magnetic fields, respectively.
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motion at the scale of the coherence length Λ of the field and that the ratio between the traversed230
distance D and Λ provides an estimation of the number of magnetic regions traversed [57, 58]:231
δirr =
1√
2
ZeBrms
E
(DΛ)
1
2 ' 0.6◦ 10
20 eV
E/Z
Brms
4 µG
(
D
3 kpc
) 1
2
(
Λ
50 pc
) 1
2
, (16)
being Brms = 〈B2irr〉. Similarly, in the case of the extragalactic magnetic field, by considering the232
appropriate coherence length and by neglecting energy loss processes [10] we obtain233
δirr =' 0.8◦ 10
20 eV
E/Z
Brms
1 nG
(
D
10 Mpc
) 1
2
(
Λ
1 Mpc
) 1
2
. (17)
2.4.2 Simulating the Galactic magnetic field234
In spiral galaxies, the turbulent component of the magnetic field is almost always strongest within235
the spiral arms, following the distribution of cool gas and dust, whereas the regular component236
is generally weak within spiral arms, except for rare cases like M51 with strong density waves.237
However, the regular field also extends far into the inter-arm regions. Observations suggest that238
the large-scale spiral field produce an halo, extending outside the galactic disks. In cylindrical co-239
ordinates, the distribution of the magnetic field B(ρ, φ, z) in the galaxy can be described by the240
product of three separated components, related to pure radial dependence R(ρ), spiral “winding”241
modulation S(ρ, φ), and halo extinction H(z), respectively. Several models have been proposed to242
describe the regular component of the magnetic field in our galaxy. A detailed description of all243
models is beyond the scope of the present paper, therefore we limit to mention the models included244
in HERMES. The structure of the magnetic field obtained by dynamo mechanisms can be described245
by modes of different azimuthal symmetry in the disk, and vertical symmetry perpendicular to the246
disk plane: bisymmetric (BSS) or axisymmetric (ASS), depending on pi or 2pi symmetry, respec-247
tively. Along the vertical dimension, the field can change direction while traversing the disk plane248
(odd or A-parity) or keep it fixed (even or S-parity). Thus, the possible patterns of the spiral field249
are four, indicated with the notation BSS-S, BSS-A, ASS-S and ASS-A, and they are all present in250
HERMES, coupled with galactic magnetic field models proposed by Stanev [59], Harari, Mollerach251
and Roulet (HMR) [60], and Tinyakov and Tkachev [61]. For the sake of completeness, we refer252
to Refs. [62–66] for other models, which we plan to include in HERMES, describing the galactic253
magnetic field.254
In the left panel Fig. 2 we show the HERMES simulation of the HMR model for the regular255
component of the magnetic field in our galaxy (at z = 0). In the right panel of the same figure, the256
two-dimensional projection of the corresponding backtracked trajectories2 of UHECR are shown257
for different values of the rigidity E/Z, ranging from 1017 eV (0.1 EeV) to 1020 eV (100 EeV). It is258
evident that at the lower energy particles tend to move along helical trajectories around the field259
lines, whereas for increasing energy particle tend to be less deflected.260
For what concerns the irregular component of the GMF, as previously discussed, observations261
suggest a r.m.s. intensity of the order of the regular one, although no precise information is currently262
available. In Fig. 3 we show the HERMES simulation of the trajectory (forward in time) of a particle263
with E/Z ranging from 1017 eV to 1020 eV (left, middle and right panel, respectively), propagating264
in a magnetic field with an uniform component of intensity B0 = 3 µG, parallel to the z−axis265
and a 3D turbulent component, characterized by maximum coherence length `max = 100 pc, r.m.s.266
strength 〈B2irr〉 = 1 µG and Kolmogorov index γ = 11/3. The turbulence level is η = 0.1. At the267
lowest energy the particle undergoes a brownian motion, being the Larmor radius of the order of268
turbulence scale `max, whereas for increasing energy the particle only partially “feels” the turbulent269
component. At the highest energy the particle is subjected to the regular component only.270
3 Simulating the propagation of UHECR with HERMES: modeling271
interactions between UHECR and EBR photons272
We have shown the impact of magnetic fields on the propagation of UHE nuclei, without considering273
the energy-loss processes relevant for a complete study. This is the main subject of this section,274
2A backtracked trajectory is the path traveled by the antiparticle, and it is obtained by substituting
the charge Z with the charge −Z in the equations of motion.
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Figure 2: Left: HERMES simulation of the HMR model for the regular component of the magnetic field
in our galaxy (at z = 0), where the color indicates the intensity of the field. Right: Two-dimensional
projection of the corresponding backtracked trajectories of UHECR for different values of the rigidity
E/Z, ranging from 1017 eV (0.1 EeV) to 1020 eV (100 EeV)
Figure 3: A random realization of nuclei trajectories in a uniform magnetic field (B0 = 3 µG, parallel to
the z−axis) plus a Kolmogorov 3D turbulent field (γ = 11/3), for three different values of the ratio E/Z,
namely 1017 eV, 1018.5 eV and 1020 eV. We have simulated the turbulent field (`max = 100 pc, 〈B2irr〉 = 1 µG,
η = 0.1) according to the Giacalone-Jokipii 3D isotropic approach.
where we show the impact of energy-loss processes on the propagation of UHE nuclei, photons 275
and neutrinos. We will define the parameterizations we have chosen for the cross sections of the 276
interactions between propagating UHECRs and photons of the background radiation and we will 277
discuss all the relevant energy-loss processes included in our simulator as the adiabatic loss (due to 278
the expansion of the Universe), the pair and photo-pion production, and, in the particular case of 279
heavy nuclei, the photo-disintegration processes. The creation of secondary particles, produced by 280
UHE nuclei undergoing pair and photo-pion production during their propagation, is also described: 281
the development of the resulting UHECR cascade, including neutrinos and photons, will be briefly 282
described to underline the complexity of simulating a realistic propagation. 283
During their propagation, photons, neutrinos and nuclei (A,Z) (electric charge, mass) with 284
injection energy Ei, generally undergo interactions with background photons. UHECR that reach 285
the Earth are therefore detected with a degraded energy Ef < Ei, depending on the type of 286
interactions they were subjected to and on the distance between the source and the Earth. In 287
HERMES, we describe the energy loss of non-stochastic processes in a unit interval of z in terms 288
of equations like 289
1
E
dE
dz
= −β(z, E) dt
dz
, (18)
where 290
− dt
dz
=
1
H0(1 + z)
[
ΩM (1 + z)
3 +ΩΛ + (1−ΩM −ΩΛ)(1 + z)2
]− 12 (19)
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is the general metric element accounting for the cosmological expansion [40, 67, 68], and the involved291
cosmological parameters have been introduced in Sec. 2.1. The function β(z, E) is related to the292
cooling rate of the UHE particle and it depends on the particular energy loss process considered.293
As we will see further in this section, β(z, E) is proportional to the inverse of the mean free path294
and depends on the density of background photons and their energy, on the energy of the UHECR295
and on the cross section of the interaction under investigation. In the case of nuclei, it also depends296
on the nuclear mass and charge. Thus, the total energy loss rate is obtained by297
1
E
dE
dz
= − dt
dz
∑
process
βproc(z, E), (20)
where the sum is extended to all interactions acting during the propagation. In HERMES, we298
include only those interactions which have a significant impact on the propagation of UHECR:299
– Adiabatic loss: it is due to the expansion of the universe; it is considered for all nuclei with300
A ≥ 1, photons and neutrinos;301
– Pair production: it involves the creation of a positron/electron pair; it is considered for all302
nuclei with A ≥ 1 and photons;303
– Photo-pion production: it involves the creation of one or multiple pions; it is considered for304
all nuclei with A ≥ 1;305
– Photodisintegration: it involves the fragmentation of the original nucleus, with the creation306
of lighter nuclides (generally referred to as fragments); it is considered for all nuclei with A ≥ 2;307
– Inverse Compton and synchrotron emission: it is considered for photons and pairs which308
are part of the electromagnetic cascade generated by nuclei, and we refer to [69] for further309
details.310
In the following we will take into account the interactions of nuclei with cosmic microwave back-311
ground (CMB) and cosmic infrared/optical background (CIOB) radiations, by adopting the pa-312
rameterization described in Sec. 2.3 (see Fig. 1) for the extragalactic background radiation. Eq. (20)313
and mean free paths corresponding to the above interaction processes can be used to obtain an314
analytical approximation of the total energy loss. However, in order to obtain more realistic results,315
a Monte Carlo approach should be adopted for those processes where stochasticity is relevant, as316
in the case of photo-pion production and photodisintegration of heavier nuclei.317
In the following, for the sake of simplicity, we will omit to specify that results shown in the318
following plots have been obtained from HERMES. At the end of this section we will describe the319
propagation of UHECR with no regards of magnetic fields: such an approach is generally known320
as “1D propagation”.321
3.1 Adiabatic loss322
In order to take into account the energy loss due to the expansion of the universe, we use323
βrsh(z) = H0
[
ΩM (1 + z)
3 +ΩΛ + (1−ΩM −ΩΛ)(1 + z)2
] 1
2 (21)
for the adiabatic term, as previously explained in Sec. 2.1.324
3.2 Cross section of Aγ nuclear interactions325
The probability of UHE protons to interact with background photons rapidly increases with proton326
energy. If E and  are the energies of the UHE proton and the photon in the observer rest frame,327
respectively, the interaction is equivalent to a collision with a high energy photon with energy328
′ = Γ(1 − cos θ), being θ the collision angle. For instance, when the energy ′ equals at least329
the pion mass mpic2 ≈ 140 MeV, the proton undergoes photo-meson production and loses energy.330
Such a process is known as Greisen-Zatsepin-Kuzmin effect and dominates above 50 − 60 EeV331
[21, 22]. The two main channels for p + γEBR interaction, involving the resonance ∆(1232 MeV)332
close to the threshold energy, are ∆(1232 MeV) −→ p + pi0 and ∆(1232 MeV) −→ n + pi+ (with333
the consequent channel n −→ p + e− + ν¯e). At higher energies, heavier resonances and multi-334
pion production channels are likely. Just above the threshold, baryonic resonances dominate and335
protons are subjected to photo-meson production, mainly through the ∆(1232)-baryon resonance,336
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whereas heavier resonances (up to ∆(1950)-baryon) play a more marginal role. We parameterize 337
the cross-section for baryonic resonances by 338
σBR() =
4∑
i=1
σiσL(; i, Γi)
where σL is the Lorentzian function, (i (GeV), Γi (GeV), σi (µb)) = (0.34, 0.17, 351), (0.75, 0.50, 159), 339
(1.00, 0.60, 21) and (1.50, 0.80, 26) for i = 1, 2, 3 and 4, respectively. For all other processes par- 340
ticipating in photo-meson production, including multipions (MP) or direct particle production 341
involving pi, η, ∆, ρ, ω and strange-particle channels (RP), we use Rachen’s parameterizations [70]. 342
In the following we will use the abbreviation “BR” to refer to baryonic resonances, direct particle 343
and multi-pion production, where not specified otherwise. 344
As in the case of protons, the probability of heavier UHE nuclei to interact with background 345
photons rapidly increases with nucleus energy. The processes involved in such interactions are 346
the same that we have previously described in the case of protons, namely pair and photo-pion 347
production. However, in the case of heavy nuclei we have to take also into account the photo- 348
disintegration (or photo-erosion) process 349
A
ZX + γ −→A
′
Z′ Y +mα+ [(Z − Z ′)− 2m]p+ [(A−A′)− (Z − Z ′)− 2m]n, (22)
resulting in the emission of subatomic particles, with the creation of lighter nuclides. Here, m is the 350
multiplicity of α particles, p indicates the proton and n the neutron. In general, in order to describe 351
the changes in abundance of the heavy nuclei as a result of the interaction of the UHECR with the 352
background radiation, a nuclear reaction network including all interactions of interest should be 353
used. Such a network is described by a system of coupled differential equations corresponding to 354
all the reactions affecting each nucleus, i.e. mainly photo-disintegrations and β−decays. Such an 355
approach has been recently proposed, and adopted in many successive works, in Ref. [24] for the 356
study of UHE nuclei propagation by using up to date measurements of cross sections [71]. Instead of 357
direct measurements, other recent works related to this topic [72–74] make use of TALYS [75, 76], 358
a software for the most likely simulation of nuclear reactions. 359
We adopt the simplest approach to the treatment of the photo-disintegration channels, by 360
following the chain of stable nuclei (stability chain), as suggested for the first time by Puget, 361
Stecker and Bredekamp (PSB) [23]. The relative contribution of all decay channels corresponding 362
to nuclei with A ≤ 56 are taken from Ref. [23] and [77]. However, in order to produce more 363
realistic simulations of the photo-disintegration process, we have obtained from TALYS reactions 364
the branching ratios associated to the most relevant exclusive channels, including one nucleon, two 365
nucleons and multi-nucleons emission on CMB and CIOB, similarly to recent studies [72, 73]. Hence, 366
in HERMES, we have included different models for the photo-disintegration of nuclei, with cross 367
sections corresponding to: i) the PSB Gaussian approximation; ii) the Rachen’s parameterizations; 368
iii) the TALYS reactions. See the corresponding referenced works for further details. 369
In Fig. 4 we show the comparison between the total cross sections estimated for iron (left panel) 370
and proton (right panel) nuclei, together with the contribution of each single process separately. 371
For the sake of completeness, it is worth remarking that in HERMES the inclusion of some 372
additional processes, not depending on the background radiation, are currently under development: 373
A
ZX −→AZ+1 Y + e− + ν¯e β− − decay,
A
ZX −→AZ−1 Y + e+ + νe β+ − decay,
A
ZX + e
− −→AZ−1 Y + νe electron capture.
3.3 Interaction lengths for Aγ interactions 374
The adiabatic loss is considered during the whole propagation as a continuous energy loss process. 375
Instead, the interaction length (or, equivalently, mean free path) corresponding to different pro- 376
cesses is used as an input to the Monte Carlo algorithm to randomly sample the next point where 377
the nucleus will undergo one of the interactions described at the end of Sec. 3. Such interactions 378
are treated as competitive processes, except the pair production which is treated as a continuous 379
energy loss in the current version of HERMES (see further in the text). Therefore, the estimation of 380
the interaction lengths is fundamental and allows to simulate the production of secondary UHECR 381
Manlio De Domenico: HERMES: Simulating the Propagation of Ultra-High Energy Cosmic Rays 11
Figure 4: Comparison between the total cross section for FeγEBR (left panel) and pγEBR (right panel)
interactions as a function of the background photon energy ′ in the nucleus rest frame, obtained from our
HERMES, following Rachen’s parameterizations [70, 78]. Different contributions due to baryonic resonances
(BR), direct particle (RP) and multi-pion (MP) production are shown as reported in Refs. (left panel) and
as obtained from HERMES, following Rachen’s parameterizations (right panel).
(lighter nuclei from photo-disintegration, neutrinos and photons cascades). The interaction length382
is given by383
λ−1A (z, E) = E(z)
c
2Γ 2A
∫ max
thr/2ΓA
d
n()
2
∫ 2ΓA
thr
d′′σ(′) (23)
where ΓA = (1 + z) EAmpc2 is the Lorentz factor of the nucleus at redshift z, thr is the energy384
threshold of the considered process in the nucleus rest frame, n() is the density of background385
photons with energy  in the observer’s rest frame, ′ is the energy of the photon in the nucleus386
rest frame and E(z) is the evolution function of the ambient photon field. It is straightforward to387
show that λA(z, E) = (1 + z)−3λA[z = 0, (1 + z)E] when the CMB is considered [79, 80], whereas388
for other background radiations a more complicated evolution should be used. By following Stanev389
et al [79], we define the average energy loss length by390
χloss(z, E) =
E
dE/dz
=
λA(z, E)
κ(E)
, (24)
where κ(E) = 〈∆E〉/E is the mean inelasticity, i.e. the average fraction of energy lost by the nucleus391
because of the interaction. The inelasticity for pair production is κ ≈ 2me/(Amp) (being me and392
mp the masses of electron and proton, respectively), i.e. around 10−3 in the case of protons, and393
even smaller for heavier nuclei. Conversely, for photo-pion production by protons, the inelasticity394
ranges from 0.2 to 0.5, depending on the energy.395
In the case of heavy nuclei, the differences in the cross section (with respect to the case of pro-396
tons) are reflected in the interaction length. In Fig. 4, the available channels above the threshold for397
single pion production (′ ≈ 145 MeV) involve baryonic resonances and direct particle production,398
with multi-pion production playing a significant role at the highest energies (′ > 700 MeV). In399
the case of iron, the additional channels due to photo-disintegration process are evident at lower400
energies (1 < ′ < 150 MeV). The energy loss due to the pair production, Eq. (27), and to the401
adiabatic loss, Eq. (21), occurs in any case, with significant contributions only in a small range of402
energies. We treat the photo-pion production similarly to the case of protons by using Eq. (23)403
and the ∆−baryon decay channels. The energy loss equation, defined by Eq. (20), still applies but404
coupled to the nuclear mass loss rate405
1
A
dA
dz
= − dt
dz
βdis,eff(z, E;Z,A), (25)
leading to406
1
E
dE
dz
=
1
Γ
dΓ
dz
+
1
A
dA
dz
. (26)
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An analytic approach for the estimation of the spectra at Earth, based on the numerical integration 407
of such an equation, has been recently reported in [81]. 408
In the rest frame of the nucleus, the pair production process A+γEBR −→ A+e++e− occurs at 409
the threshold energy 2mec2 ≈ 1 MeV and it plays an important role only when CMB is considered, 410
the CIOB participating marginally [23]. We can treat the process as a continuous energy loss, 411
because the loss per interaction is very small. In HERMES, the energy loss accounting for the pair 412
production, due to the Bethe-Heitler interaction with ambient photons with density n(), is given 413
by [82] 414
βe±(z, E;Z,A) ' S(Z)α
3Z2A2
4pi2~
m2em
2
p
E3
∫ ∞
2
dξ
ϕ(ξ)
exp
[
meAmp
2E(1+z)kBT0
ξ
]
− 1
, (27)
that is similar to the parameterization adopted in [83], where the auxiliary function ϕ(ξ) is obtained 415
from [84] and masses are in units of eV/c2. However, there is no parameterization in the case of 416
CIOB and, in our code, we estimate the corresponding energy loss rate by using Eq. (23). In 417
Eq. (27), γ ≈ E/(Ampc2) is the Lorentz factor of the nucleus, me is the electron mass, α = e2/~c 418
is the fine-structure constant, re = e2/mec2 is the classical electron radius, T0 = 2.725 K and kB 419
is the Boltzmann constant. The factor S(Z) is a correction term to agree with experimental data 420
for nuclei with Z > 1 [70], even if it has been pointed out that Coulomb corrections to the Born 421
approximation have a negligible effect on the pair production loss rate of ultra-relativistic heavy 422
nuclei as 56Fe [77]. 423
Concerning the photo-pion production process (see Sec. 3.2), in the particular case of protons 424
propagating in the CMB, Eq. (23) at present time reduces to 425
βpi(E) = −kBT0
2pi2~
m2p
E2
∫ ∞
0
dκ()σ()× ln
[
1− exp
(
− mp
2EkBT0

)]
, (28)
where mp is the proton mass in units of eV/c2, σ() is the cross-section for pion production in 426
terms of the photon energy  and κ() is the inelasticity factor. In order to avoid further numerical 427
integrations, we parameterize the contribution of this term as in Ref. [83] by 428
βpi(z, E; 1, 1) '
{
Api(1 + z)
3 exp
[
Bpi
E(1+z)
]
E ≤ Ematch(z)
Cpi(1 + z)
3 E > Ematch(z)
. (29)
The function Ematch(z) = 6.86e−0.807z×1020 eV ensures the continuity of the function βpi(z, E; 1, 1) 429
and {Api, Bpi, Cpi} = {3.66× 10−8yr−1, 2.87× 1020eV, 2.42× 10−8yr−1} are taken from Ref. [85]. 430
We treat the case of neutron in a similar way, by considering the additional process of the 431
β−decay. The neutron decay rate is given by mN/(τnE), with τ ' 888.6 s the laboratory lifetime, 432
providing a range of propagation λβ = τn EmN ' 0.9
(
E/1020 eV
)
Mpc, which becomes competitive 433
with photo-pion production only at the highest energy, above 1021 eV. 434
In Fig. 5 we show the interaction length λ of proton (left panel) and iron (right panel) nuclei, 435
in the CIOB and the CMB, for each process separately and for all processes together, as well as 436
the energy loss length χloss, as a function of the energy E of the nucleus in the observer rest frame 437
at present time (z = 0). 438
In the case of proton, it is evident that the pair production on CIOB is negligible with respect 439
to other processes, because occurring on time scales larger than the adiabatic expansion, for all 440
energies above 1018 eV. A similar argument applies for the photo-meson production in the CIOB, 441
which, below 1020 eV, contributes less than pair production in the CMB, whereas above 1020 eV 442
the production of pions in the CMB dominates up to the highest energy. In the energy interval 443
between 2× 1018 eV and ∼ 5× 1019 eV, the main energy loss process is the pair production in the 444
CMB. The obtained results are in perfect agreement with recent literature [25, 80, 88, 89], with 445
small differences related to the different CIOB adopted. 446
In the case of iron, the figure shows that the main energy loss below 1019 eV is due to the 447
adiabatic expansion of the universe, whereas photo-disintegration process through the giant dipole 448
resonance dominates above 1019 eV and photo-meson production becomes dominant above 1022 eV. 449
The estimation of the total interaction (left panel) and energy loss (right panel) lengths at 450
z = 0 obtained with HERMES are also shown in Fig. 6 as a function of the Lorentz factor Γ , for 451
several nuclei, from proton to iron. Both quantities decrease for increasing nuclear mass and for 452
any value of the energy, although the energy loss length tends to become constant for all nuclei 453
above Γ = 1011, approximately the value where baryonic resonances occur. 454
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Figure 5: Our estimation of the mean free path λ at z = 0 as a function of the energy of the nucleus
in the observer rest frame. The contributions due to different processes (adiabatic, pair and photo-pion
production, as well as giant dipole resonance and quasi-deuteron effect for photo-disintegration) in CMB
and CIOB are shown separately. The total interaction length λtot and the total energy loss length χloss are
shown as well in the case of proton (left panel) and Iron 5626Fe (right panel) nuclei: for the latter, the λtot
estimated by Allard et al [86, 87] is reported for reference.
Figure 6: Left: Total mean free path λtot in CMB and CIOB for several nuclei at z = 0, from proton
(A = 1) to iron (A = 56), as a function of the Lorentz factor Γ . Right: Same as in the left panel, but for
the total energy loss length χloss.
3.4 Propagation of secondary neutrinos and photons455
We have discussed the production of electron/positron pairs and of secondary pions. Produced456
UHE photons and pairs interact with the extragalactic background photons, participating to the457
electromagnetic cascade generated by the primary nucleus. Conversely, in the case of photo-meson458
production, pions have small lifetime, of the order of 10−16 s for pi0 and 10−8 s for pi±: thus,459
we neglect their propagation because they quickly decay to new secondary particles, which can460
decay to other particles (as in the case of secondary muons) generating a cascade of electrons,461
positrons, photons and neutrinos. In HERMES, we consider all the main decay channels involving462
the production of a single pion and we include the β−decay of neutrons.463
Additionally, channels with multi-pion production are present. As shown in [90], close to the464
threshold and for ′ < 1 GeV, the dominating processes involve single pion production only, whereas465
at the highest energies channels with two or three pions are available. The inclusion in HERMES466
of such channels is currently under development.467
The propagation of UHE photons produced by neutral pions, and the consequent pairs, are468
performed with EleCa and its description is beyond the scope of the present work. We refer to [69]469
for further details.470
Neutrinos, produced by the decay of charged pions and β−decay of neutrons, are chargeless471
particles with negligible mass, undergoing interactions only through the weak nuclear force (and472
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Figure 7: Surviving probability of protons (see the text) produced by an homogenous distribution of sources
within 300 Mpc, as a function of the propagation distance and for different energy threshold Ethr at Earth.
A power-law injection with energy cutoff 1021 eV and spectral index 2.4 is used. We show the result of our
simulations performed with HERMES (solid line), compared to those obtained with CRPropa v1.4 (dashed
line) and by Allard (dotted line).
gravity, if they are considered massive particles). Because of such features, neutrinos are likely to 473
traverse the extragalactic space, even for cosmic distances, without interacting with background 474
photons or interstellar medium, and without being deflected by magnetic fields: characteristics 475
that makes neutrinos the ideal candidates for particle astronomy. On the other hand, the flux of 476
cosmogenic neutrinos is relatively small if compared to the flux of charged particles, at the highest 477
energy. Propagation and energy loss of neutrinos, can be easily described by energy loss equation 478
(20), considering only the adiabatic energy loss rate defined by Eq. (21). 479
4 Applications 480
In this section we briefly discuss some applications to show the potentiality of HERMES for studying 481
UHECR, including the comparison between results obtained with HERMES and those either from 482
other propagation codes available in the UHECR community or from observation. 483
First, we investigate the surviving probability ωGZK(z, Ethr) of protons, i.e. the probability 484
that a proton produced by a sources at redshift z could reach the Earth with an energy above a 485
given threshold. We consider an homogenous distribution of equal-intrinsic-luminosity sources in 486
the nearby Universe, up to ≈ 300 Mpc: each source emits protons following a power-law injection 487
spectrum with spectral index 2.4 and energy cutoff 1021 eV. Hence, we estimate ωGZK(z, Ethr) for 488
different energy threshold Ethr at Earth, ranging from 60 EeV to 100 EeV. The result is shown 489
in Fig. 7, where a comparison between HERMES, CRPropa v1.4 [91] and D. Allard et al [24], are 490
reported. The resulting curves are in good agreement, putting in evidence the goodness of our 491
simulator. 492
Successively, we estimate the GZK horizon for both protons and iron nuclei, as a function of the 493
energy threshold at Earth. In particular, we compare against well-known results in literature [25] 494
and CRPropa v2.0β3, the up-to-date version of the Monte Carlo code simulating the 3D propagation 495
of nuclei in a magnetized Universe [92, 93]. In Fig. 8 we show the GZK horizon of protons (left 496
panel) and iron nuclei (right panel). In both cases, the horizons obtained by HERMES are in 497
agreement with those of CRPropa over the whole energy range under consideration, although for 498
iron nuclei some differences are present at the lowest energy. 499
Moreover, we estimate the expected energy spectra of UHECR at Earth in different astrophysical 500
scenarios, involving evolution of sources, different spectral indices and mass composition at the 501
source. The result, shown in Fig. 9, are compared against recent observations reported by the 502
HiRes Collaboration [94]. For sake of simplicity, we show only some representative spectra: a study 503
of their goodness in reproducing the observed UHECR spectrum is beyond the scope of the present 504
paper and it will be the subject of a future study. 505
3The version used here is dated September 2011.
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Figure 8: GZK horizon estimated in the case of protons (left panel) and iron nuclei (right panel) injected
with spectrum E−2.7, as a function of the energy threshold at Earth. Results from CRPropa and Harari
et al [25] are shown for reference.
Figure 9: Expected all-particles energy spectra obtained from HERMES for different astrophysical scenar-
ios, compared to observations reported by HiRes Collaboration (see the text). The legend indicates the
spectral index at the source and the source evolution adopted (only star formation rate, in this case).
As a final application, we simulated protons from real candidate sources in the nearby Universe,506
with distance between 4 and 200 Mpc. We included the effect of deflections due to an intervening507
Kolmogorov-like extragalactic magnetic field with r.m.s. strength of 2 nG and coherence length of508
1 Mpc. Moreover, we consider the case of absence of isotropic contamination and the case where509
simulation are contaminated with 56% isotropic events, according to recent measurements of the510
Pierre Auger Collaboration [14]. The resulting skymaps of simulated events, as they would be511
observed by accounting for the non-uniform exposure of the Pierre Auger Observatory, are shown512
in Fig. 10(a) and Fig. 10(c), for candidate sources of UHECR from 2MASS Redshift Survey [95]513
with magnitude ranging from -27.5 to -9.8, and in Fig. 10(b) and Fig. 10(d) for active galactic nuclei514
from SWIFT-BAT 58months [96].515
Although a deeper analysis of correlation and intrinsic clustering is out of the scope of this516
paper, the results show how HERMES can be used for such purposes. Moreover, it is possible to517
investigate the compatibility between simulated scenarios and observation by coupling HERMES518
with other methods. For instance, it is possible to quantify the clustering signal in the arrival di-519
rection distribution [97] or to perform multi-messenger analysis including photons propagated with520
EleCa [69]. Another interesting application is to use the parameterization based on the generalized521
Gumbel distribution [98] to perform detailed mass composition studies, as comparing the expected522
first and second momenta of the Xmax distribution from different scenarios against observations.523
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(a) 2MRS Catalogue (b) SWIFT58 Catalogue
(c) 2MRS Catalogue + Isotropic (d) SWIFT58 Catalogue + Isotropic
Figure 10: Skymaps, accounting for the Pierre Auger Observatory non-uniform exposure, of simulated
UHE protons produced by nearby sources (within 200 Mpc) experiencing deflections due to an intervening
extragalactic magnetic field. Galactic coordinates are shown. 2MRS (10(a) and 10(c)) and SWIFT-BAT
58-months (10(b) and 10(d)) are considered. See the text for further details.
5 Conclusions and outlook 524
Realistic simulations of the propagation of UHECR might help to shed light on their origin and 525
their nature. In this work, we presented HERMES, the ad hoc Monte Carlo code we have developed 526
to propagate UHECR in a magnetized Universe. We have briefly discussed the theoretical frame- 527
work behind HERMES, involving the modeling of cosmology, magnetic fields, nuclear interactions 528
between UHECR and relic photons of the extragalactic background radiation, and the production 529
of secondary particles. The distribution of sources, their intrinsic luminosity, injection spectrum 530
and evolution are tunable parameters in HERMES, allowing to simulate a wide variety of astro- 531
physical scenarios and to investigate the impact of propagation on physical observable as the flux, 532
or the chemical composition observed at Earth. 533
We showed some representative applications validating the suitability of HERMES for astropar- 534
ticle studies at the highest energies. More specifically, we estimated the surviving probability of 535
UHE protons, the GZK horizons of nuclei, the all-particle spectrum observed at Earth in different 536
astrophysical scenarios and the expected arrival direction distribution of UHECR produced from 537
different catalogues of nearby candidate sources. 538
The major advantage in using HERMES is in its modularity, allowing high customization of 539
involved physical and astrophysical parameters. In fact, it is possible, for instance, to add new 540
models of extragalactic background radiations or nuclear interactions, according to up-to-date 541
measurements. 542
In the near future, we will release a stable version of our simulator for public use and, in the 543
meanwhile, we will make available for the community libraries of propagated nuclei useful for mass 544
composition and energy spectrum analysis. 545
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University of Catania and INFN (Sez. Catania). The author would like to thank P.L. Ghia for invaluable 548
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Manlio De Domenico: HERMES: Simulating the Propagation of Ultra-High Energy Cosmic Rays 17
References551
1. A. Hillas Ann. Rev. Astr. Astrop. 22 (1984) 425–444.552
2. C. Hill, D. Schramm, and T. Walker Phys. Rev. D 36 (1987) 1007–1016.553
3. V. Berezinsky and A. Vilenkin Phys. Rev. Lett. 79 (1997) 5202–5205, [astro-ph/9704257].554
4. V. Berezinsky, M. Kachelrieß, and A. Vilenkin Phys. Rev. Lett. 79 (1997) 4302–4305,555
[astro-ph/9708217].556
5. A. Venkatesan, M. Miller, and A. Olinto Ap. J. 484 (1997) 323, [astro-ph/9612210].557
6. G. Farrar and P. Biermann Phys. Rev. Lett. 81 (1998) 3579–3582, [astro-ph/9806242].558
7. D. Fargion, B. Mele, and A. Salis Ap. J. 517 (1999) 725, [astro-ph/9710029].559
8. J. Arons Ap. J. 589 (2003) 871, [astro-ph/0208444].560
9. M. Nagano and A. Watson Rev. Mod. Phys. 72 (2000) 689–732.561
10. P. Bhattacharjee and G. Sigl Phys. Rep. 327 (2000) 109–247, [astro-ph/9811011].562
11. E. Waxman, K. Fisher, and T. Piran Ap. J. 483 (1997) 1, [astro-ph/9604005].563
12. M. De Domenico et al Proc. 32nd ICRC, Beijing (2011) [arXiv:1107.4805].564
13. P. Abreu et al Accepted for publication in JCAP (2013) [arXiv:1305.1576].565
14. P. Abreu et al Astrop. Phys. 34 (2010) 314–326, [arXiv:1009.1855].566
15. R.U. Abbasi et al Astrop. Phys. 30 (2008) 175–179, [arXiv:0804.0382].567
16. T. Abu-Zayyad et al Astrophys. J. 757 (2012) 26.568
17. M. Settimo et al (Pierre Auger Collaboration) Eur. Phys. J. Plus, 87 127 (2012) 1–15.569
18. J. Abraham et al Phys. Rev. Lett. 104 (2010) 91101, [arXiv:1002.0699].570
19. J. Abraham et al Phys. Rev. Lett. 101 (2008) 61101.571
20. R.U. Abbasi et al Phys. Rev. Lett. 100 (2008) 101101.572
21. K. Greisen Phys. Rev. Lett. 16 (1966) 748–750.573
22. G. Zatsepin and V. Kuz’Min JETP Lett. 4 (1966) 78.574
23. J.L. Puget, F.W. Stecker, J.H. Bredekamp Ap. J. 205 (1976) 638–654.575
24. D. Allard, E. Parizot, A. Olinto, E. Khan, and S. Goriely Astron. Astroph. 443 (2005)576
L29–L32, [astro-ph/0505566].577
25. D. Harari, S. Mollerach, and E. Roulet J. Cosm. Astrop. Phys. 2006 (2006) 012,578
[astro-ph/0609294].579
26. D. Hooper, S. Sarkar, and A. Taylor Astrop. Phys. 27 (2007) 199–212, [astro-ph/0608085].580
27. D. Allard, N. Busca, G. Decerprit, A. Olinto, and E. Parizot J. Cosm. Astrop. Phys. 2008581
(2008) 033, [arXiv:0805.4779].582
28. N. Globus, D. Allard, E. Parizot Astron. Astroph. 479 (2008) 97–110, [arXiv:0709.1541].583
29. D. Allard and R. Protheroe Astron. Astroph. 502 (2009) 803–815, [arXiv:0902.4538].584
30. M. Kachelrieß, E. Parizot and D.V. Semikoz JETP Lett. 88 (2009) 553–557.585
31. M. De Domenico, Propagation of Ultra-High Energy Cosmic Rays and anisotropy studies with586
the Pierre Auger Observatory: the multiscale approach. PhD thesis, Scuola Superiore di587
Catania, Universitá degli Studi di Catania, Italy, 2011.588
32. M. De Domenico and A. Insolia J. Phys. G 40 (2012) 015201.589
33. E. Fermi Phys. Rev. E 75 (1949) 1169.590
34. C.J. Bell et al J. Phys. A 7 (1974) 990.591
35. D. Torres and L. Anchordoqui Reports on Progress in Physics 67 (2004) 1663,592
[astro-ph/0402371].593
36. A. Hopkins and J. Beacom Ap. J. 651 (2006) 142, [astro-ph/0601463].594
37. H. Yüksel and M. Kistler Phys. Rev. D 75 (2007) 083004, [astro-ph//0610481].595
38. T. Stanev, Ultra-high-energy cosmic rays and neutrinos after auger, in Frontier Objects in596
Astrophysics and Particle Physics, Vulcano Workshop 2008, 26-31 May, Italy. Edited by F.597
Giovannelli and G. Mannocchi, vol. 1, p. 449, 2009. arXiv:0808.1045.598
39. G. Hasinger, T. Miyaji, and M. Schmidt Astron. Astroph. 441 (2005) 417–434,599
[astro-ph/0506118].600
40. R. Engel, D. Seckel, and T. Stanev Phys. Rev. D 64 (2001) 93010, [astro-ph/0101216].601
41. J.D. Finke, S. Razzaque, C.D. Dermer Ap. J. 712 (2010) 238, [arXiv:0905.1115].602
42. M. Hauser and E. Dwek Ann. Rev. Astron. Astrophys. 39 (2001) 249–307,603
[astro-ph/0105539].604
43. M.A. Malkan and F.W. Stecker Ap. J. 555 (2001) 641, [astro-ph/0009500].605
44. G. Lagache, H. Dole, J.L. Puget Month. Not. R. Astron. Soc. 338 (2003) 555–571,606
[astro-ph/0209115].607
45. F.W. Stecker, M.A. Malkan, S.T. Scully Ap. J. 648 (2006) 774, [astro-ph/0510449].608
46. F.W. Stecker, S.T. Scully Astron. Astroph. 478 (2008) 1–3, [arXiv:0710.2252].609
18 Manlio De Domenico: HERMES: Simulating the Propagation of Ultra-High Energy Cosmic Rays
47. A. Franceschini, G. Rodighiero, and M. Vaccari Astron. Astroph. 487 (2008) 837–852. 610
48. R. Protheroe and P. Biermann Astrop. Phys. 6 (1996) 45–54, [astro-ph/9605119]. 611
49. L. Epele and E. Roulet J. High Ener. Phys. 1998 (1998) 009, [astro-ph/9808104v1]. 612
50. B. Funk, N. Magnussen, H. Meyer, W. Rhode, S. Westerhoff, and B. Wiebel-Sooth Astrop. 613
Phys. 9 (1998) 97–103, [astro-ph/9802308v1]. 614
51. A. Uryson Phys. Particles and Nuclei 37 (2006) 347–367. 615
52. D. Fixsen and A. Kashlinsky Ap. J. 734 (2011) 61, [arXiv:1104.0901]. 616
53. J. Giacalone and J. Jokipii Ap. J. 430 (1994) L137–L140. 617
54. J. Giacalone and J. Jokipii Ap. J. 520 (1999) 204. 618
55. D. Harari, S. Mollerach, E. Roulet, and F. Sanchez J. High En. Phys. 2002 (2002) 045, 619
[astro-ph/0202362v2]. 620
56. F. Casse, M. Lemoine, and G. Pelletier Phys. Rev. D 65 (2001) 023002, 621
[astro-ph/0109223v1]. 622
57. E. Roulet, Astroparticle theory: Some new insights into high energy cosmic rays, in Lepton 623
and photon interactions at high energies: proceedings of the XXI International Symposium: 624
Fermi National Accelerator Laboratory, USA, 11-16 August 2003, p. 351, World Scientific 625
Pub Co Inc, 2004. astro-ph/0310367v1. 626
58. G. Giacinti, M. Kachelriess, D. V. Semikoz, G. Sigl Astrop. Phys. 35 (2011) 192–200, 627
[arXiv:1104.1141]. 628
59. T. Stanev Ap. J. 479 (1997) 290, [astro-ph/9607086]. 629
60. D. Harari, S. Mollerach, and E. Roulet J. High En. Phys. 1999 (1999) 022, 630
[astro-ph/9906309v2]. 631
61. P. Tinyakov and I. Tkachev Astrop. Phys. 18 (2002) 165–172, [astro-ph/0111305v1]. 632
62. M. Prouza and R. Šmída Astron. Astroph. 410 (2003) 1–10, [astro-ph/0307165v1]. 633
63. M. Kachelrieß, P. Serpico, and M. Teshima Astrop. Phys. 26 (2007) 378–386, 634
[astro-ph/0510444v2]. 635
64. L. Page et al Ap. J. Suppl. S. 170 (2007) 335, [astro-ph/0603450]. 636
65. X. Sun, W. Reich, A. Waelkens, and T. Enblin Astron. Astroph. 477 (2008) 573–592, 637
[arXiv:0711.1572]. 638
66. R. Jansson, G. Farrar, A. Waelkens, and T. Enßlin J. Cosm. Astrop. Phys. 2009 (2009) 021, 639
[arXiv:0905.2228]. 640
67. M. Ave, A. Olinto, A. Watson, and T. Yamamoto Astrop. Phys. 23 (2005) 19–29, 641
[astro-ph/0409316]. 642
68. T. Stanev, High energy cosmic rays. Springer Verlag, 2009. 643
69. M. Settimo, M. De Domenico, and H. Lyberis Nucl. Phys. B - Proc. Supp. In Press (2012). 644
70. J. Rachen, Interaction processes and statistical properties of the propagation of cosmic rays in 645
photon backgrounds. Universität zu Bonn, PhD thesis, 1996. 646
71. E. Khan, S. Goriely, D. Allard, E. Parizot, T. Suomijarvi, A. Koning, S. Hilaire, and 647
M. Duijvestijn Astrop. Phys. 23 (2005) 191–201, [astro-ph/0412109]. 648
72. K. Kampert, J. Kulbartz, N. Nierstenhoefer, M. Risse, and G. Sigl, Propagation of ultra-high 649
energy nuclei with crpropa, in Proc. 31st ICRC, Lodz, 2009. 650
73. M. Ahlers and A. Taylor Phys. Rev. D 82 (2010) 123005, [arXiv:1010.3019]. 651
74. M. Ahlers and J. Salvado arXiv (2011) [arXiv:1105.5113]. 652
75. A. Koning, S. Hilaire, and M. Duijvestijn, Talys: Comprehensive nuclear reaction modeling, in 653
Proc. Intern. Conf. Nucl. Data for Sci. Techn. (R. Haight, M. Chadwick, T. Kawano, , and 654
P. Talou, eds.), vol. 769, pp. 1154–1159, 2005. 655
76. “Talys official website.” http://www.talys.eu/home/, Aug., 2011. 656
77. F.W. Stecker and M.H. Salamon Ap. J. 512 (1999) 521, [astro-ph/9808110]. 657
78. T. Stanev Proc. 30th ICRC, Merida (2007) [arXiv:0711.2282]. 658
79. T. Stanev, R. Engel, A. Mücke, R. Protheroe, and J. Rachen Phys. Rev. D 62 (2000) 93005, 659
[astro-ph/0003484]. 660
80. V. Berezinsky, A. Gazizov, and S. Grigorieva Phys. Rev. D 74 (2006) 043005, 661
[hep-ph/0204357v3]. 662
81. R. Aloisio, V. Berezinsky, and S. Grigorieva arXiv (2008) [arXiv:0802.4452]. 663
82. G. Blumenthal Phys. Rev. D 1 (1970) 1596–1602. 664
83. A. Cuoco, R. D’Abrusco, G. Longo, G. Miele, and P. Serpico J. Cosm. Astrop. Phys. 2006 665
(2006) 009, [astro-ph/0510765]. 666
84. M.J. Chodorowski, A.A. Zdziarski and M. Sikora Ap. J. 400 (1992) 181–185. 667
Manlio De Domenico: HERMES: Simulating the Propagation of Ultra-High Energy Cosmic Rays 19
85. L.A. Anchordoqui, M.T. Dova, L.N. Epele and J.D. Swain Phys. Rev. D 55 (1997)668
7356–7360, [hep-ph/9704387].669
86. D. Allard, M. Ave, M. Malkan, A. Olinto, E. Parizot, F. Stecker, and T. Yamamoto J. Cosm.670
Astrop. Phys. 2006 (2006) 005, [astro-ph/0605327v2].671
87. D. Allard arXiv (2009) [arXiv:0906.3156].672
88. T. Stanev New J. Phys. 11 (2009) 065013, [arXiv:0810.2501].673
89. K. Kotera and A. Olinto Ann. Rev. Astron. Astrophys. 49 (2011) [arXiv:1101.4256].674
90. A. Mucke, R. Engel, J. Rachen, R. Protheroe, and T. Stanev Comp. Phys. Comm. 124675
(1999) 290, [astro-ph/9903478].676
91. E. Armengaud, G. Sigl, T. Beau, and F. Miniati Astrop. Phys. 28 (2007) 463–471,677
[astro-ph/0603675].678
92. G. Sigl Proc. 32nd ICRC, Beijing (2011).679
93. K.-H. Kampert, J. Kulbartz, L. Maccione, N. Nierstenhoefer, P. Schiffer, G. Sigl, and A. R.680
van Vliet Astrop. Phys. 42 (2013) 41–51.681
94. R.U. Abbasi et al Phys. Rev. Lett. 100 (2008) 101101.682
95. J.P. Huchra et al arXiv (2011) [arXiv:1108.0669].683
96. W. H. Baumgartner, J. Tueller, C. Markwardt, and G. Skinner, The Swift-BAT 58 Month684
Survey, vol. 42 of Bulletin of the American Astronomical Society, p. 675, 2010.685
97. M. De Domenico, A. Insolia, H. Lyberis, and M. Scuderi J. Cosm. Astrop. Phys. 2011 (2011)686
008.687
98. M. De Domenico, M. Settimo, S. Riggi, and E. Bertin Submitted (2013).688
